Abstract: Titanium and its alloys are often used for corrosion protection because they are able to offer high chemical resistance against various corrosive media. In this paper, shrouded plasma spray technology was applied to produce titanium coatings. A solid shroud with an external shrouding gas was used to plasma spray titanium powder feedstock with aim of reducing the oxide content in the as-sprayed coatings. The titanium coatings were assessed by optical microscope, scanning electron microscopy, X-ray diffraction, LECO combustion method and Vickers microhardness testing. The results showed that the presence of the shroud and the external shrouding gas led to a dense microstructure with a low porosity in the plasma-sprayed titanium coatings. The oxygen and nitrogen contents in the titanium coating were kept at a low level due to the shielding effect of the shroud attachment and the external shrouding gas. The dominant phase in the shrouded titanium coatings was mainly composed of α-Ti phase, which was very similar to the titanium feedstock powders. The shrouded plasma-sprayed titanium coatings had a Vickers microhardness of 404.2 ± 103.2 HV.
Introduction
Titanium is not a rare substance, as it ranks as the ninth most plentiful element and the fourth most abundant structural metal in the Earth's crust [1] . However, the difficulty in processing makes the metal expensive. As light metals, titanium and titanium alloys provide high specific strength, exceptional biocompatibility, and excellent corrosion resistance, which make them widely applied in aircraft, chemical and marine engineering and medical devices [1] [2] [3] [4] . Titanium and its alloys are now frequently used for corrosion protection because they are able to offer high chemical resistance against various corrosive media, especially chloride-containing solutions due to a dense self-sealing oxide layer formed immediately when exposed to an oxygen-containing atmosphere [5] [6] [7] .
Coating technology has been developed to fulfill the industrial demands. This technology allows combining cheap structural materials with a thin layer of high value material [8] [9] [10] . Thermal spraying techniques are coating processes in which melted materials are sprayed onto a surface. There, the molten droplets flatten, rapidly solidify and form a deposit on structural materials. Consequently, the protective coatings of titanium combined with cheap bulk materials offering strength and ductility are supposed to provide sufficient protection and lower the cost. Titanium coatings may be applied in marine engineering and the shipbuilding industry due to the excellent corrosion resistance to seawater. Its applications can also be found in the food industries and/or medical devices like clinical implants, thanks to its exceptional biocompatibility.
Atmospheric plasma spraying (APS), performed in ambient air, is a flexible coating technique that can be used with a wide range of coating materials to meet many different needs [11, 12] . However, titanium is a very reactive metal at high temperatures due to its strong affinity with gases such as oxygen, nitrogen and hydrogen, which lead to a degradation in the coating properties. In order to prevent titanium from too much oxidation, the spray process has to be carried out in a vacuum or an inert atmosphere. Within the thermal spray area, low pressure plasma spray (LPPS) or vacuum plasma spray (VPS) has been the promising technique used for titanium deposition thanks to its inert atmosphere and ability to form dense coatings with low porosity and oxygen content [4] . Corrosion resistance similar to that of bulk Ti has been reported if proper spraying parameters, including the size of the feedstock powder, are optimized [10] . However, this process has limitations in terms of the size of the components and is rather expensive. The shrouded plasma spray process uses an attachment to shield the plasma jet as it exits the torch. An external gas shroud envelops the plasma jet as it leaves the attachment [13] [14] [15] [16] [17] [18] . This is expected to be a cost effective method to produce titanium coatings with low oxide content.
In this paper, shrouded plasma spraying technology was used to deposit titanium coatings on mild steel substrates. The microstructure of titanium powders and coatings was investigated and characterized in terms of chemical composition, phase composition, porosity, microhardness, and microstructure.
Materials and Methods
Pure titanium powders from Xi'an Lilin International Trade Co., Ltd., Xi'an, China, were selected as the feedstock powders for the titanium coating fabrication. The titanium powders were made by hydride-dehydride (HDH) method. The chemical composition of the HDH Ti powder is shown in Table 1 . The powder particle size and distribution was determined using a laser diffraction method (Malvern Mastersizer 2000, Malvern Instruments Ltd., UK), which relies on the fact that the diffraction angle is inversely proportional to the particle size. A shroud attachment was designed for the plasma spraying of titanium coatings [10] . A SG-100 plasma gun (Praxair surface technologies, Danbury, CT, USA) with the shroud attachment was then used to do the plasma spray work with the HDH titanium powders, as shown in Figure 1 . The plasma gun had a high-speed Mach II anode hardware with a forward injection internal powder injector and was mounted on a 6-axis robot which sprayed the samples in a raster pattern. Mild steel plates (100 × 25 × 3 mm) were used as the substrates which were degreased, and sand blasted before depositing titanium coatings onto them. The plasma spraying parameters are presented in Table 2 .
Special attention was given to adjusting the powder carrier gas flow rate within the shroud to generate an inflight particle trajectory with a low angle of deviation from the central axis to prevent the build-up of powder on the inside wall of the shroud. The trial for spraying with the shroud used argon as an external shrouding gas at the exit with a flow rate of 300 slpm. After each argon shroud gas trial, the interior of the shroud was cleaned to leave a dust-free surface prior to the next trial.
Free stand titanium coating specimens were peeled off from the mild steel substrates, and then polished to remove the elements from the substrate. Quantitative chemical analysis (oxygen and nitrogen) for the titanium coatings was carried out at Durkee Testing Laboratories Inc., USA, using a LECO combustion method, which incorporates gas fusion in a graphite crucible under a flowing inert gas stream (helium) and the measurement of combustion gases by infrared absorption and thermal conductivity. Following this fusion process, oxygen combines with carbon to form CO 2 Scanning electron microscopes (SEM, Zeiss EVO 18, German, and Hitachi S4700, Japan) with second electron imaging were operated at 20 kV to observe the microstructures and morphologies of the power feedstock and coating specimens. Cross-sectional samples of titanium coatings were metallographically prepared by polishing for the microstructural analysis. An Olympus BX60 optical microscope equipped with a digital camera was used to capture images for the porosity analysis of the titanium coatings. Porosity is defined as the ratio of the total empty area to the total area. Five samples were investigated at a magnification of 150, and ten captured images were used for each sample. Porosity was then examined by using IQ image analysis software.
Phase transformations were studied using an X-ray diffractometer (XRD, Bruker, model D8, Germany) with CuKα radiation at 40 kV and 30 mA; the scanning speed of 2θ was 2° min −1 when measuring from 20°-80°. The angle of incidence α was 10°. In order to remove the effect of surface oxides and attempt to characterize the oxides within the bulk of the coatings, the sample surfaces were ground away and the XRD analysis was implemented on the ground surface.
A microhardness test was performed on 5 samples using a Vickers indenter (LECO, Michigan, USA) with a load of 300 g for 15 s on the coating's cross-sections. The cross-sections of the titanium coatings were polished before indentations, and the distance between two indentations was at least Scanning electron microscopes (SEM, Zeiss EVO 18, German, and Hitachi S4700, Japan) with second electron imaging were operated at 20 kV to observe the microstructures and morphologies of the power feedstock and coating specimens. Cross-sectional samples of titanium coatings were metallographically prepared by polishing for the microstructural analysis. An Olympus BX60 optical microscope equipped with a digital camera was used to capture images for the porosity analysis of the titanium coatings. Porosity is defined as the ratio of the total empty area to the total area. Five samples were investigated at a magnification of 150, and ten captured images were used for each sample. Porosity was then examined by using IQ image analysis software.
Phase transformations were studied using an X-ray diffractometer (XRD, Bruker, model D8, Germany) with CuKα radiation at 40 kV and 30 mA; the scanning speed of 2θ was 2 • min −1 when measuring from 20 • -80 • . The angle of incidence α was 10 • . In order to remove the effect of surface oxides and attempt to characterize the oxides within the bulk of the coatings, the sample surfaces were ground away and the XRD analysis was implemented on the ground surface.
A microhardness test was performed on 5 samples using a Vickers indenter (LECO, Michigan, USA) with a load of 300 g for 15 s on the coating's cross-sections. The cross-sections of the titanium coatings were polished before indentations, and the distance between two indentations was at least three times the diagonal to prevent stress-field effects from nearby indentations. The Vickers microhardness was averaged from 10 indents per sample.
Results and Discussion

Titanium Powders
The particle morphology of the HDH titanium powders is illustrated in Figure 2 . From the SEM image, it can be seen clearly that the HDH titanium powders present irregular shapes with some sharp sides/ends. This was determined by the nature of the hydride-dehydride process, which was to resize large titanium pieces down to a finer particle size distribution through crushing, milling and screening. Powder flowability is the ability of a powder to flow. Generally, spherical powders possess good flowability, and for powders with irregular shape, flowability is often poor. Poor flowability will likely result in fluctuations in the powder feed rate and thus in an inhomogeneous coating structure. However, when exposed in the plasma flame after a few millimeters' trajectory, the particles will quickly melt and thus start to spheroidize [11, 12] . Consequently, the effect of irregular particle shape on the capability to flow during the flight in the plasma jet will disappear. The size of the titanium particles in Figure 2 is between approximately 20-80 µm. Some small size (micrometer) titanium dust can be found on the surfaces of the titanium particles. three times the diagonal to prevent stress-field effects from nearby indentations. The Vickers microhardness was averaged from 10 indents per sample.
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Titanium Powders
The particle morphology of the HDH titanium powders is illustrated in Figure 2 . From the SEM image, it can be seen clearly that the HDH titanium powders present irregular shapes with some sharp sides/ends. This was determined by the nature of the hydride-dehydride process, which was to resize large titanium pieces down to a finer particle size distribution through crushing, milling and screening. Powder flowability is the ability of a powder to flow. Generally, spherical powders possess good flowability, and for powders with irregular shape, flowability is often poor. Poor flowability will likely result in fluctuations in the powder feed rate and thus in an inhomogeneous coating structure. However, when exposed in the plasma flame after a few millimeters' trajectory, the particles will quickly melt and thus start to spheroidize [11, 12] . Consequently, the effect of irregular particle shape on the capability to flow during the flight in the plasma jet will disappear. The size of the titanium particles in Figure 2 is between approximately 20-80 µm. Some small size (micrometer) titanium dust can be found on the surfaces of the titanium particles. Table 3 . This analysis showed that the HDH titanium powder particles were mainly in the range of 10-120 µm; the mean particle size was 52.32 µm with 10% volume reported at 20.98 µm and 90% volume at 90.93 µm. The specific area of the titanium powder particles was 0.161 m 2 /g. The results indicated that the powder particles had a relatively broad range of size distribution, at approximately 110 µm. However, over 50% of the titanium powder particles were in the size range 40-75 µm.
Powder feedstock morphologies and size distribution play important roles in microstructure and properties of plasma-sprayed coatings. Usually coarse powders produce a coarser and more openly-structured coating with less oxidation than fine powders, which is mainly due to the difference in the surface area of the powder particle. Meanwhile, the broader the size distribution, the more different the particle momentums at the injector exit, and thus the larger the particle trajectory distribution, resulting in a larger velocity and temperature distribution at impingement onto the substrate [12] . Table 3 . This analysis showed that the HDH titanium powder particles were mainly in the range of 10-120 µm; the mean particle size was 52.32 µm with 10% volume reported at 20.98 µm and 90% volume at 90.93 µm. The specific area of the titanium powder particles was 0.161 m 2 /g. The results indicated that the powder particles had a relatively broad range of size distribution, at approximately 110 µm. However, over 50% of the titanium powder particles were in the size range 40-75 µm.
Powder feedstock morphologies and size distribution play important roles in microstructure and properties of plasma-sprayed coatings. Usually coarse powders produce a coarser and more openly-structured coating with less oxidation than fine powders, which is mainly due to the difference in the surface area of the powder particle. Meanwhile, the broader the size distribution, the more different the particle momentums at the injector exit, and thus the larger the particle trajectory distribution, resulting in a larger velocity and temperature distribution at impingement onto the substrate [12] . (1) shows the volume percent at the corresponding particle size, and curve (2) shows the accumulated volume percent under the corresponding particle size.
The phase composition result of the X-ray diffraction analysis of the titanium feedstock powders is presented in Figure 4 . From the XRD pattern, it was found that the HDH titanium powder was merely composed of a α-Ti phase. None of oxide peaks were observed in the pattern. Pure titanium crystallizes at low temperatures in a modified ideally hexagonal close packed structure, which has only three slip systems and a relatively poor plastic deformation ability in relation to the β-Ti phase with a body-centered cubic structure that is stable at high temperatures [1] . The oxidation level of titanium particles during their manufacturing process is an important issue to be considered because the oxide content in the titanium coatings is never lower than that of the sprayed particles. (1) shows the volume percent at the corresponding particle size, and curve (2) shows the accumulated volume percent under the corresponding particle size.
The phase composition result of the X-ray diffraction analysis of the titanium feedstock powders is presented in Figure 4 . From the XRD pattern, it was found that the HDH titanium powder was merely composed of a α-Ti phase. None of oxide peaks were observed in the pattern. Pure titanium crystallizes at low temperatures in a modified ideally hexagonal close packed structure, which has only three slip systems and a relatively poor plastic deformation ability in relation to the β-Ti phase with a body-centered cubic structure that is stable at high temperatures [1] . The oxidation level of titanium particles during their manufacturing process is an important issue to be considered because the oxide content in the titanium coatings is never lower than that of the sprayed particles.
crystallizes at low temperatures in a modified ideally hexagonal close packed structure, which has only three slip systems and a relatively poor plastic deformation ability in relation to the β-Ti phase with a body-centered cubic structure that is stable at high temperatures [1] . The oxidation level of titanium particles during their manufacturing process is an important issue to be considered because the oxide content in the titanium coatings is never lower than that of the sprayed particles.
 α-Ti Figure 5 presents the SEM images of the titanium coatings. The polished cross-section of the titanium coating is shown in Figure 5a . The image reveals that the shrouded titanium coating had a dense microstructure with a low porosity. Images of the polished cross-sections of titanium coatings were also captured by the optical microscope with an integrated digital camera. Porosity distributions were then determined by using the IQ image analysis software. Special attention was required during metallographic preparation to prevent the pull-out of internal titanium oxides and splats. The porosities of the titanium coatings was 2.38 ± 0.31, which shows that the presence of the shroud and shroud gas flow led to a low porosity in the titanium coatings. Figure 5b shows the fractured cross-section of the shrouded titanium coating. It can be clearly observed that there exists a lamellar structure, which is typical for a plasma-sprayed coating. The splats with thin thickness were in close contact with the titanium coating. A few of the voids in the splats and some porosity in between the splats could be seen. No unmelted particles were found in this shrouded titanium coating. As we know, in the plasma-spray process the feedstock powders were injected into a plasma flame, which was produced by the ionization of an inert gas. The plasma heated the titanium particles into a molten or semi-molten state. The particles then struck on the substrate, spread and quickly solidified. The impact of subsequent particles built up the titanium coating and formed the lamellar structure.
Titanium Coating Analysis
From the SEM images, we can see that the presence of the shroud and the external shrouding gas led to a dense lamellar microstructure with low porosity in the titanium coatings. This can be explained by the shrouded plasma-spray process. This process used the shroud attachment on the air plasma spray torch to modify the plasma flow. In principle, the attachment itself physically shielded the plasma jet as it exited the torch. An inert gas shroud like argon was then injected, enveloping the plasma jet as it left the shroud, preventing the molten particles from reaction with oxygen/nitrogen from ambient air, reducing the amount of entrainment of cold and heavy ambient air, and delaying the corresponding drop in temperature. Consequently, this retarded particle cooling. Meanwhile, gas-shrouded nozzles can extend the hot core of the jet by rearranging the gas flow to increase the dwell time of particles in the plasma [18] . Thus, the shroud was expected to generate better heating of the particles during the in-flight period. The greater extent of particle heating with the shroud led to better melting in the plasma jet, and more fully molten titanium particles were obtained, and splat spreading on the substrate could also be improved, which then contributed to a reduction in porosity and a dense lamellar structure.
gas-shrouded nozzles can extend the hot core of the jet by rearranging the gas flow to increase the dwell time of particles in the plasma [18] Quantitative chemical analysis using the combustion method was carried out for the shrouded titanium coatings. The oxygen and nitrogen contents are listed in Table 4 . The result shows that both the oxygen and nitrogen contents in the titanium coating were still kept at a low level, but both increased after the coating deposition in relation to the titanium powders. The oxygen content increased from 0.35%wt to 0.76%wt. and the nitrogen content went up to 0.039%wt. The nitrogen content in the titanium coatings was much lower than the oxygen content. Titanium will react with the oxygen and nitrogen to form the oxide of titanium and a TiN layer in the initial stages of oxidation when exposed to the surrounding air at high temperatures, and then TiN will be oxidized at around 800 °C in a normal atmosphere [19, 20] . In the plasma spray process, the titanium particles were accelerated and then fully or partially melted before impacting with the substrate where they were flattened, formed splats and built up a lamellar structure. The temperature in the plasma flame was so high that an in-flight particle reaction would occur. If cold air engulfed the plasma flame, the molecules of nitrogen and oxygen were subjected to thermal dissociation and became highly reactive monotonic atoms when heated by plasma. This resulted in the oxidation and Lamellar structure Voids Quantitative chemical analysis using the combustion method was carried out for the shrouded titanium coatings. The oxygen and nitrogen contents are listed in Table 4 . The result shows that both the oxygen and nitrogen contents in the titanium coating were still kept at a low level, but both increased after the coating deposition in relation to the titanium powders. The oxygen content increased from 0.35%wt to 0.76%wt. and the nitrogen content went up to 0.039%wt. The nitrogen content in the titanium coatings was much lower than the oxygen content. Titanium will react with the oxygen and nitrogen to form the oxide of titanium and a TiN layer in the initial stages of oxidation when exposed to the surrounding air at high temperatures, and then TiN will be oxidized at around 800 • C in a normal atmosphere [19, 20] . In the plasma spray process, the titanium particles were accelerated and then fully or partially melted before impacting with the substrate where they were flattened, formed splats and built up a lamellar structure. The temperature in the plasma flame was so high that an in-flight particle reaction would occur. If cold air engulfed the plasma flame, the molecules of nitrogen and oxygen were subjected to thermal dissociation and became highly reactive monotonic atoms when heated by plasma. This resulted in the oxidation and nitridation of the titanium particles in the plasma spraying. However, the oxidation took priority over the nitridation of the titanium particles during the in-flight period, since titanium nitride oxidizes at high temperatures, and then turned into titanium oxide. In addition, titanium oxide and nitride also came into being during splat formation and the build-up of the coating because the temperature was still high at that moment.
The phase composition results for the titanium coating plasma-sprayed using the shroud are illustrated in Figure 6 . The XRD pattern presents a similar curve as that for the pure titanium powder. The result reveals that the dominant phase in the titanium coating plasma-sprayed using the shroud was still the α-Ti phase. The broader width of those peaks indicate that a finer-grain microstructure in the as-sprayed titanium coating was obtained compared with the powder's XRD pattern. Furthermore, some very weak peaks for the titanium oxide and/or nitride can also be observed from this pattern, which means that there might exist a small trace of titanium oxide and/or nitride in the shrouded titanium coating. The quantity of titanium oxide and nitride in the shrouded coating might be very small, based on the low intensity peaks of titanium oxide/nitride in the XRD result. TiO 2 is usually present in nature rather than TiO because the monoxide can be readily oxidized to the dioxide when exposed to appreciable amounts of oxygen at high temperatures. However, for the as-sprayed shrouded titanium coatings in this study, the oxide consisted of only the monoxide phase of TiO. There are two possible factors causing this. The first factor is the inadequate amount of oxygen during the build-up of the coating due to the shielding effect of the shroud attachment and the inert gas shroud. The other is the rather short time that the titanium particle spent at a high temperature during the plasma spraying process, which was followed by a very fast cooling rate (10 5 -10 6 Ks −1 range) [21, 22] when the particles impacted on the substrate. Therefore, it resulted in the rapid formation of TiO other than TiO 2 in the as-sprayed titanium coatings. TiO can be fast growing and does not form protective titanium oxide scales. be very small, based on the low intensity peaks of titanium oxide/nitride in the XRD result. TiO2 is usually present in nature rather than TiO because the monoxide can be readily oxidized to the dioxide when exposed to appreciable amounts of oxygen at high temperatures. However, for the as-sprayed shrouded titanium coatings in this study, the oxide consisted of only the monoxide phase of TiO. There are two possible factors causing this. The first factor is the inadequate amount of oxygen during the build-up of the coating due to the shielding effect of the shroud attachment and the inert gas shroud. The other is the rather short time that the titanium particle spent at a high temperature during the plasma spraying process, which was followed by a very fast cooling rate (10 5 -10 6 Ks −1 range) [21, 22] when the particles impacted on the substrate. Therefore, it resulted in the rapid formation of TiO other than TiO2 in the as-sprayed titanium coatings. TiO can be fast growing and does not form protective titanium oxide scales. The microhardness was examined on the shrouded titanium coatings. The mean microhardness values were 404.2 ±103.2 HV. In general, plasma-sprayed coatings present high microhardness values due to the rapid cooling, oxidation, lamellar structure and residual stresses induced by the plasma spraying process. Meanwhile the oxygen/nitrogen content in titanium also has a significant effect on its mechanical properties due to embrittlement. Consequently, the microhardness is high in the plasma-sprayed titanium coatings. Further, the formation of titanium oxides/nitrides in the titanium The microhardness was examined on the shrouded titanium coatings. The mean microhardness values were 404.2 ±103.2 HV. In general, plasma-sprayed coatings present high microhardness values due to the rapid cooling, oxidation, lamellar structure and residual stresses induced by the plasma spraying process. Meanwhile the oxygen/nitrogen content in titanium also has a significant effect on its mechanical properties due to embrittlement. Consequently, the microhardness is high in the plasma-sprayed titanium coatings. Further, the formation of titanium oxides/nitrides in the titanium coatings could also result in an increase in the microhardness.
Conclusions
This work presents the fabrication of titanium coatings by shrouded plasma spraying. Microstructural analyses of the shrouded titanium coatings were carried out.
Pure titanium powders with a particle size in the range of 10-120 µm were used for the fabrication of the titanium coating. A shroud attachment was designed for the plasma spraying process. The presence of the shroud and external shrouding gas led to a dense microstructure with a low porosity in the titanium coatings. The oxygen and nitrogen contents in the titanium coating were kept at a low level due to the shielding effect of the shroud. The dominant phase in the shrouded titanium coating was the α-Ti phase, which is similar to the titanium powders. The shrouded plasma-sprayed titanium coating had a Vickers microhardness of 404.2 ± 103.2 HV.
